Stem cells undergo symmetric and asymmetric division to maintain the dynamic equilibrium of the stem cell pool and also to generate a variety of differentiated cells. The homeostatic mechanism controlling the choice between self-renewal and differentiation of stem cells is poorly understood. We show here that ceh-16, encoding the C. elegans ortholog of the transcription factor Engrailed, controls symmetric and asymmetric division of stem cell-like seam cells. Loss of function of ceh-16 causes certain seam cells, which normally undergo symmetric self-renewal expansion division with both daughters adopting the seam cell fate, to divide asymmetrically with only one daughter retaining the seam cell fate. The human engrailed homolog En2 functionally substitutes the role of ceh-16 in promoting self-renewal expansion division of seam cells. Loss of function of apr-1, encoding the C. elegans homolog of the Wnt signaling component APC, results in transformation of self-renewal maintenance seam cell division to self-renewal expansion division, leading to seam cell hyperplasia. The apr-1 mutation suppresses the seam cell division defect in ceh-16 mutants. Our study reveals that ceh-16 interacts with the Wnt signaling pathway to control the choice between selfrenewal expansion and maintenance division and also demonstrates an evolutionarily conserved function of engrailed in promoting cell proliferation.
Introduction
The hallmark of a stem cell is its dual capability to self-renew and differentiate. Stem cells can undergo asymmetric division, with one daughter cell retaining the stem cell identity while the other is committed to differentiate. This process maintains the number of stem cells and is known as self-renewal maintenance. Stem cells can also divide symmetrically with both daughters adopting the stem cell fate. This process increases the stem cell pool and is known as selfrenewal expansion (for reviews, see Ho, 2005; Lessard et al., 2004) . The mechanism which causes stem cells to divide in a self-renewal expansion or maintenance fashion remains poorly understood.
Epithelial seam cells in C. elegans possess stem cell-like properties as they are able to undergo self-renewal maintenance or expansion divisions or to produce various types of differentiated cells. Ten embryonic born seam cells, H0-2, V1-V6 and T, aligned on each side of the animal from anterior to posterior, undergo asymmetric selfrenewal maintenance division at each of the four larval stages, with one daughter retaining the seam cell fate, and the other fusing with hypodermal syncytium hyp7 or generating a neuronal structure. Seam cells H1, V1-V4 and V6 also undergo one round of self-renewal expansion division at the L2 larval stage with both daughter cells adopting the seam cell fate, resulting in an increase in the number of seam cells from 10 to 16 on each side of the animal. All seam cells terminally differentiate at the L4 larval stage (Sulston and Horvitz, 1977) . Thus seam cell development provides a model system to study molecular mechanisms governing self-renewal expansion, selfrenewal maintenance and differentiation of stem cells.
A number of factors have been demonstrated to control various aspects of seam cell development. The temporal identities of seam cells are specified by heterochronic genes that form a complex regulatory network. In heterochronic mutants, the stage-specific division pattern is skipped or reiterated, leading to precocious and retarded terminal differentiation of seam cells, respectively (for a review, see Rougvie, 2005) . The self-renewal expansion division at the L2 larval stage, known as the L2 proliferative seam cell division, requires the activity of rnt-1 and bro-1, which encode the C. elegans RUNX/CBF-β complex (Nimmo et al., 2005; Xia et al., 2007; Kagoshima et al., 2007) . In rnt-1 and bro-1 mutants, the self-renewal expansion division of seam cells at the L2 stage is omitted, while overexpression of rnt-1 drives extra rounds of self-renewal expansion division that lead to an increase in the number of seam cells (Nimmo et al., 2005; Xia et al., 2007; Kagoshima et al., 2007) . In mammals, mutations in the RUNX and CBF-β genes have been causally linked to myeloid leukemias, indicating an evolutionarily conserved function of the RUNX/CBF-β complex in promoting cell proliferation (for a review, see Cameron and Neil, 2004) .
Wnt signals play an important role in many developmental processes, including cell fate determination and stem cell expansion (for a review, see Kleber and Sommer, 2004) . In the canonical Wnt signaling pathway, binding of Wnt to its receptors triggers a cascade of events that inhibit the degradation of β-catenin by the destruction complex, consisting of Axin, APC (adenomatous polyposis coli) and GSK-3β. The stabilized β-catenin translocates to the nucleus where it forms a complex with TCF/LEF to activate expression of Wnt target genes (for a review, see Clevers, 2006) . Overactivation of Wnt signaling, such as through loss of function of the negative regulator APC, causes tumorigenesis in the human colon and other tissues (for a review, see Clevers, 2006) . The Wnt signaling pathway has been demonstrated to play a role in regulating the asymmetric division of seam cells V5.p (the anterior and posterior daughters of a seam cell are referred to as V.a and V.p, respectively) and T, which give rise to one seam cell and one neuronal daughter (for reviews, see Korswagen, 2002; Eisenmann, 2005) . The canonical Wnt signaling pathway in C. elegans, which utilizes β-catenin encoded by bar-1, is capable of activating the Hox gene mab-5 in V5.p, thus preventing generation of the postdeirid neuronal structure from V5.pa (Austin and Kenyon, 1994; Salser and Kenyon, 1996; Hunter et al., 1999) . In wild type animals, this Wnt signaling activity is inhibited by cell contacts between V5.p and neighboring seam cells (Hunter et al., 1999) . Loss of function of pry-1, which encodes the C. elegans Axin homolog, causes ectopic expression of mab-5 in V5.p and suppresses formation of the postdeirid Korswagen et al., 2002) . Asymmetric division of seam cell T is regulated by the non-canonical Wnt signaling pathway, also known as the Wnt/MAPK pathway, which regulates asymmetric nuclear localization of POP-1 between T cell daughters (for a review, see Mizumoto and Sawa, 2007b) . Loss of function of Wnt/MAPK signaling components, including lit-1, wrm-1 and pop-1, results in both T cell daughters adopting the anterior seam cell fate (Herman, 2001; Takeshita and Sawa, 2005) . The role of Wnt signaling in regulating self-expansion seam cell division, however, has not been determined.
Engrailed, a homeodomain-containing transcription factor, functions in a variety of animal development processes (for a review, see Morgan, 2006) . For example, engrailed regulates a number of key patterning processes in Drosophila, including segmentation of the epidermis (for a review, see Gibert, 2002) . Two homologs of Engrailed in mammals, En1 and En2, are required for midbrain and cerebellum development, axonal pathfinding and the survival of mesencephalic dopaminergic neurons (Alberi et al., 2004; Brunet et al., 2005) . ceh-16, encoding the C. elegans engrailed homolog, regulates several aspects of seam cell development during embryogenesis, such as preventing seam cells from fusing with hypodermal cells and specifying seam cell fate (Cassata et al., 2005) . In this study, we demonstrate that ceh-16 is involved in controlling the symmetric and asymmetric division of seam cells at the post-embryonic stage in a cell-context dependent manner. We further show that mutations in the C. elegans APC homolog, apr-1, suppress the defects in ceh-16 mutants. Our study reveals that ceh-16 interacts with the Wnt signaling pathway in controlling the self-renewal expansion division of seam cells, providing insight into the mechanism controlling stem cell homeostasis.
Methods and materials

Strains
LGI: rnt-1(ok351), bro-1(bp133), apr-1(bp298), pry-1(mu38), lin-35 (n745); LGII: eff-1(hy21), fzr-1(ku298); LGIII: ceh-16(bp323); ceh-16 (ok841); LGIV: egl-20(n585), jcIs1(ajm-1::GFP), lin-22(n372); LGV: wIs51(scm::GFP). The genetic locations for egIs1(dat-1::gfp), qIs74 (pop-1::gfp) and bpIs96(ceh-16::ceh-16) were not determined. All experiments were performed at 25°C unless otherwise noted.
Isolation, mapping and cloning of ceh-16 and apr-1
To isolate mutants with altered number of seam cells, animals carrying the scm::gfp reporter were used for mutagenesis and F2 progeny were examined for the number of seam cells at the young adult stage.
Three-factor mapping placed ceh-16 in a region between sma-3 and unc-32 on linkage group III. From the cross between ceh-16 and sma-3 unc-32 animals, 14 out of 18 Sma non Unc animals carried the ceh-16 mutation. Fosmids covering this region were coinjected with pRF4 (rol-6(su1006)) into ceh-16 animals. The number of seam cells was examined in ceh-16 adult animals carrying various transgenes. We found that fosmid WRM0628dF10 in this region fully rescued the seam cell defect in bp323 mutants. The rescuing activity was further mapped to a PCR fragment containing a single gene, ceh-16.
Three-factor mapping placed apr-1 in a region between dpy-5 and unc-101 on linkage group I. From the cross between apr-1 and dpy-5 unc-101 animals, 8 out of 42 Dpy non Unc animals carried the apr-1 mutation. Both fosmid WRM0617aH01 and the PCR fragment containing K04G2.8 fully rescued the seam cell defect in apr-1(bp298) mutant animals.
The molecular lesions in ceh-16 and apr-1 mutants were determined by sequencing the corresponding genomic region.
RNA interference
Single stranded RNA was transcribed from T7-and SP6-flanked mab-5 PCR template (cDNA, nt 91-565). The ssRNAs were then annealed and injected into animals. Eggs laid by the injected animals between 4 and 48 h were collected for phenotype analysis.
For RNAi feeding, synchronized wild type or ceh-16 young adults were fed with bacteria expressing dsRNA and their progeny were analyzed. The majority of animals fed with pop-1, lit-1, wrm-1 or apr-1 dsRNAs were arrested at embryonic stages in the next generation. Animals which survived due to partial reduction of gene activity were examined for PDE.
GFP reporter
The ceh-16::gfp reporter was constructed by a PCR-fusion-based approach. One fragment contained a 3 kb promoter region and the entire coding sequence of ceh-16 (cosmid C13G5, nt 4342-9993). Another contained gfp and the unc-54 3′UTR from pPD95.79. The reporter DNA was coinjected with pRF4 into wild type and ceh-16 mutant animals. At least two stable transgenic lines were analyzed.
Heat-shock assay
Full length ceh-16 cDNA, rnt-1 cDNA and human En2 cDNA were cloned into plasmid pPD49.78 under the control of the hsp16-2 promoter.
To perform heat-shock experiments, animals carrying the transgene were synchronized and grown to a specific development stage before incubating at 33°C for 4 h. Adult animals were analyzed for the number of seam cells.
Electrophoretic mobility shift assay (EMSA)
GST-fusion CEH-16 proteins (wild type or mutant) were incubated with 32 P labeled probes (20,000 c.p.m.) in DNA binding buffer (10 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 1% glycerol, 100 mg/ml BSA, and 1 μg poly (dI-dC)). Reactions were incubated on ice for 30 min, electrophoresed on a 5% native TBE PAGE gel and analyzed by autoradiograph. 3 μg of protein were used for each reaction (40 μl ). Four tandem copies of the Engrailed consensus binding site, gatcccaattagca, were used as DNA probes for EMSA (Solano et al., 2003) .
Results
Reduced seam cell numbers in animals with a mutation in the C. elegans engrailed homolog ceh-16
In order to study how symmetric and asymmetric seam cell division is specified, we performed genetic screens to identify mutants with altered number of seam cells (see Methods and materials for details). A temperature sensitive mutation, bp323, was isolated that resulted in a reduced number of seam cells. Compared to 16 seam cells in wild type young adult animals, there were an average of 12.1 seam cells on each side of bp323 adult animals at the non-permissive temperature of 25°C (Figs. 1A, B, Table 1 ). Subsequent genetic and molecular analysis demonstrated that bp323 is a new allele of ceh-16, which encodes the C. elegans Engrailed homolog. The null allele of ceh-16, ok841, failed to complement the seam cell division defect in bp323 mutants. An average of 11.8 seam cells was found in bp323/ ok841 animals (n = 21). ceh-16(ok841) mutants are embryonic lethal, preventing us from examining the post-embryonic development of seam cells. We sequenced the ceh-16 gene in ceh-16(bp323) mutants and found that a threonine at amino acid 95 of CEH-16, which is located in the N-terminal arm of the homeodomain, was replaced by an asparagine ( Fig. 2A ).
CEH-16(bp323) has impaired DNA binding activity
The N-terminal arm of the Engrailed homeodomain has been shown to bind to the minor groove of DNA (Kissinger et al., 1990) . To investigate the effect of the T95N mutation on CEH-16 function, we performed gel shift experiments using DNA probes containing the consensus binding site for Drosophila Engrailed (Solano et al., 2003) . A retarded complex was formed in the presence of wild type CEH-16 (Fig. 2B) . Consistent with the role of the homeodomain in mediating the DNA binding activity of Engrailed (Desplan et al., 1988) , the mutant T95N CEH-16 protein showed greatly reduced DNA binding activity (Fig. 2B ). This suggests that the DNA binding activity of CEH-16 is essential for its role in specifying the seam cell development at post-embryonic stages.
Taken together, the genetic analyses and EMSA assays suggest that the defect in seam cell development in bp323 is due to partial loss of ceh-16 function.
ceh-16 is exclusively expressed in seam cells at the post-embryonic stage
A previous study has shown that ceh-16 is expressed in seam cells during embryogenesis (Cassata et al., 2005) . To determine the expression pattern of ceh-16 at the post-embryonic stage, we constructed a ceh-16::gfp translational reporter. This construct rescued the seam cell defect associated with bp323 mutants. ceh-16::gfp was exclusively expressed in seam cells at all larval and adult stages and was localized in both cytoplasm and nucleus (Figs. 2C, D) . In dividing seam cells, CEH-16::GFP was expressed equally in both daughters and the GFP signal in the anterior daughter disappeared when it fused with hyp7 (Figs. 2E, F). The expression pattern of ceh-16 suggests that ceh-16 may function cell-autonomously in specifying the seam cell development.
The ceh-16(bp323) mutation impairs self-renewal expansion of seam cells at the L2 larval stage
To determine the cause of the reduction in seam cell number, we analyzed seam cell division patterns in ceh-16 mutants. All mutant animals (n = 14) had the wild type 10 seam cells at the hatching stage. However, seam cells V1-V4 and V6 in bp323 mutant animals underwent only one round of asymmetric division at the L2 larval stage and the symmetric self-renewal expansion division was missing (Fig. 1C) . Seam cells adopted a wild type division pattern at the L3 and L4 larval stages and terminally differentiated at the late L4 stage in bp323 mutants (Fig. 1D) , indicating that ceh-16(bp323) did not cause a heterochronic defect. ceh-16 also had no effect on the role of heterochronic genes, including daf-12, lin-46 and alg-1, in specifying the temporal fates of seam cells (data not shown). Thus, unlike in heterochronic mutants such as lin-4 and lin-28, the defect in the L2 division pattern in ceh-16 mutants is not due to temporal transformation of the L2 stage fate to that of the L1 or L3 stage.
Overexpression of ceh-16 or human En2 causes seam cell hyperplasia
We next investigated whether hyperactivity of ceh-16 results in seam cells undergoing extra self-renewal expansion divisions. Animals carrying a hs::ceh-16 transgene, in which the full length ceh-16 cDNA was driven by the heat-shock promoter hsp-16, were heat-shocked at various developmental stages and the number of seam cells was examined when the animals grew into adults. We found that heat shock of transgenic animals prior to middle L1 or after late L2 had no effect on adult seam cell number, but heat shock during a short window between late L1 and early L2 caused an increase in the number of seam cells (Figs. 3A, B) . Animals which constitutively overexpressed ceh-16 from a transgenic array containing multiple copies of the ceh-16-rescuing genomic fragment had an average of 22.5 seam cells (n = 32) (Fig. 2C) . Seam cell lineage analysis revealed that extra symmetric divisions, with both daughters adopting the seam cell fate, occurred at the L2 larval stage in those animals (n = 8) (Fig. 3D) . Therefore, overexpression of ceh-16 was sufficient to drive seam cell hyperplasia.
To determine whether promoting cell proliferation is a conserved property of Engrailed, we examined the role of human En2 in specifying the seam cell division pattern. We found that animals carrying a hs::En2 transgene had increased number of seam cells (Fig. 3E) . Unlike ceh-16, whose role in inducing seam cell proliferation is restricted to the L2 larval stage, overexpression of human En2 at other larval stages also increased the number of seam cells (Fig. 3F) . hs::En2 also rescued the seam cell division defect in ceh-16(bp323) mutant animals. Thus, En2 functionally substitutes the role of ceh-16 in promoting seam cell proliferation.
ceh-16 may function in parallel to the RNT-1/BRO-1 complex in specifying the seam cell division pattern at the L2 larval stage
The defect in seam cell division in ceh-16 mutants resembles that in rnt-1 and bro-1 mutants (Nimmo et al., 2005; Xia et al., 2007; Kagoshima et al., 2007) . We found that ceh-16(bp323) further reduced the number of seam cells in rnt-1 or bro-1 null mutants (Figs. 4A-D , Table 1 ). Less than 10 seam cells were present in rnt-1; ceh-16 and bro-1; ceh-16 double mutants at the hatching stage, indicating that ceh-16 synergistically interacts with the RNT-1/BRO-1 complex in specifying seam cell fate during embryogenesis. Overexpression of ceh-16 increased the number of seam cells in rnt-1 or bro-1 mutants (Fig. 4E) . Similarly, overexpression of rnt-1 partially restored the number of seam cells in ceh-16 mutants (Fig. 4F) .
The RNT-1/BRO-1 complex promotes the L2 proliferative seam cell division by regulating the G1 to S phase cell cycle progression (Nimmo et al., 2005; Xia et al., 2007) . The defect in seam cell division in bro-1 mutants is rescued by inactivation of the cell cycle negative regulator lin-35 or fzr-1 (Xia et al., 2007) . However, the seam cell defect in ceh-16 mutants could not be suppressed by mutations in lin-35 and fzr-1 (Table 1) . We also could not detect interactions between CEH-16 and the RNT-1/BRO-1 complex in an in vitro pull-down assay (data not shown). Taken together, these results suggest that ceh-16 cooperates with the RNT-1/BRO-1 complex to regulate the seam cell division pattern at the L2 larval stage.
ceh-16 is unlikely to act through eff-1 in regulating self-renewal expansion division at the L2 larval stage ceh-16 has been shown to repress the expression of cell fusion effector eff-1 to prevent seam cells from fusing with hypodermal cells during embryogenesis (Cassata et al., 2005) . We investigated whether the missing L2 symmetric division in ceh-16(bp323) mutants was caused by fusion of anterior seam cell daughters with hyp7 at the early L2 stage. As in wild type animals, there were 16 seam cells in eff-1 mutants (Fig. S1A) . Consistent with a role of eff-1 in cell fusion, the anterior daughters of seam cells failed to fuse with hyp7 in eff-1 mutants. However, they did not express the seam cell marker (Fig. S1B and data not shown). In eff-1; ceh-16 double mutants, the average number of cells expressing the seam cell marker was 11.1 (n = 17) (Fig.  S1C ), similar to that in ceh-16 single mutants. Furthermore, animals carrying a hs::eff-1 transgene, in which eff-1 cDNA is under control of a heat-shock promoter, did not reduce the number of seam cells when eff-1 was overexpressed (n = 28) (Fig. S1D) . The expression of the eff-1::gfp reporter in seam cells was unchanged in ceh-16 mutants (data not shown). Taken together, these results indicate that ceh-16 is unlikely to regulate fusion of anterior seam cell daughters with hypodermal cells at the L2 larval stage by controlling the expression of eff-1. ceh-16 is essential for the asymmetric division of V5.p Seam cell V5.p undergoes asymmetric division at the L2 larval stage with the anterior daughter giving rise to a postdeirid sensory structure and the posterior daughter retaining the seam cell fate. The postdeirid structure contains a dopaminergic neuron, PDE, which is labeled by the dopamine transporter reporter, dat-1::gfp (Fig. 5A) . We found that PDE was missing in 65.6% of animal sides in ceh-16 mutant (Fig. 5B, Table 2 ). By analyzing the V5 lineages, we found that in 7 out of 11 ceh-16 mutant animal sides, V5.p divided symmetrically with both daughters adopting the seam cell fate (Fig. 5C) . Thus, ceh-16 has a distinct role in specifying the symmetric/asymmetric division of V5.p.
We next examined whether ceh-16 is also required for the generation of PDE from anterior seam cells in lin-22 mutants. The anterior seam cells V1-V4 adopt a V5-like division pattern in lin-22 mutants, giving an average of 3.7 PDEs on each side (n = 45) (Fig. 5D ) (Wrischnik and Kenyon, 1997) . We found that formation of ectopic PDEs in lin-22 mutants was compromised by ceh-16(bp323) (Fig. 5E ). There were only an average of 1.3 PDEs on each side (n = 48) in ceh-16; lin-22 double mutants. This suggests that the cell-intrinsic difference between V5.p and other seam cells, but not the spatial context of V5.p, is likely to influence the role of ceh-16 in specifying the cell division pattern.
Loss of function of egl-20 and bar-1, two components of the canonical Wnt signaling pathway, do not suppress the defect in V5.p division in ceh-16 mutants Ectopic expression of Hox gene mab-5 in V5.p results in both daughters adopting the seam cell fate, as in ceh-16 mutants (Salser and Kenyon, 1996) . We found that loss of function of mab-5 suppressed the defect in postdeirid formation in ceh-16 mutants. 62.3% of mab-5(RNAi) ceh-16 mutant animal sides contained PDEs, compared to 34.4% of ceh-16 single mutants (Fig. 5F ). This suggests that mab-5 may be ectopically expressed in V5.p in ceh-16 mutants to prevent formation of the postdeirid.
Disruption of cell contacts between V5.p and neighboring seam cells activates canonical Wnt signaling, which in turn activates mab-5 expression in V5.p (Hunter et al., 1999) . We found that V5.p made contacts with neighboring seam cells at the appropriate time in ceh-16 mutants (n = 23). To determine whether Wnt signaling is inappropriately activated despite these normal cell contacts, we examined PDE formation in ceh-16 mutants in double with egl-20 and bar-1, two components of the canonical Wnt pathway. Mutations in egl-20 and bar-1 could not suppress the missing PDE phenotype in ceh-16 mutants (Table 2) .
Mutations in pry-1, encoding the Axin homolog, cause precocious expression of mab-5 in V5.p and impair formation of the postdeirid Korswagen et al., 2002) . We found that the pry-1 null mutation further reduced the number of PDE neurons in ceh-16 mutants (Table 2) . These genetic interactions suggest that ceh-16 is unlikely to function through the canonical Wnt signaling pathway in specifying the V5.p division pattern.
Mutations in apr-1 lead to transformation of an asymmetric self-renewal maintenance division of seam cells into a symmetric self-renewal expansion pattern
During our genetic screen to isolate mutants with altered number of seam cells, we also identified a mutation, bp298, which increased the number of seam cells to an average of 32 at the young adult stage (Figs. 6A, B) . bp298 was found to be a new allele of apr-1, which encodes the C. elegans APC homolog. apr-1(bp298) contains a missense mutation that converts the amino acid at position 338 from glycine to glutamic acid. APR-1 contains seven Armadillo repeats Table 2 The percentage of animal sides with PDE in various genetic backgrounds. and the mutated amino acid in APR-1(bp298), which is located in the fourth repeat, is conserved in APC. apr-1(RNAi) animals have extra seam cells (Mizumoto and Sawa, 2007a) , but the underlying cause has not been investigated. We thus followed the seam cell division pattern in apr-1(bp298) mutant animals (n = 8) and found that the asymmetric self-renewal maintenance seam cell division at the early L4 stage was transformed to a symmetric self-renewal expansion division with both daughters retaining the seam cell fate (Fig. 6C) . Terminal seam cell differentiation occurred as normal at the late L4 stage in apr-1(bp298) mutants (Fig. 6C) . The bp298 mutation also caused a defect in the asymmetric division of V5.p. Two postdeirids were formed in 45.5% of bp298 animal sides (n = 132) due to symmetric division of V5.p with both daughters developing into postdeirid structures (Figs. 6D-F) . Taken together, these results suggest that the asymmetric division pattern of seam cells is transformed into a symmetric division program in apr-1 (bp298) mutants.
Reduced activity of apr-1 suppresses the seam cell defect in ceh-16 mutants As ceh-16 and apr-1 mutants have opposite effects on seam cell development, the interaction between the two genes was investigated. We found that the reduced number of seam cells at the L2 larval stage in ceh-16 mutants was completely suppressed by apr-1(bp298). As in apr-1 mutants, there were an average of 15.7 seam cells at the L3 larval stage in apr-1; ceh-16 mutants (Figs. 6G-I, Table 1 ). We followed the seam cell division pattern from the L1 larval stage onwards (n = 11) in apr-1; ceh-16 mutant animals and found that the wild type L2 proliferative division pattern was restored. The defect in postdeirid development in ceh-16 mutants was also partially suppressed by apr-1(bp298) ( Table 2 ). These genetic interactions suggest that apr-1 may function downstream of, or in parallel to ceh-16, in regulating the seam cell division program.
Loss of function of ceh-16 results in symmetric nuclear distribution of POP-1 in V5.p daughters
Having previously shown that ceh-16 is unlikely to function through canonical Wnt signaling in specifying the V5.p division pattern, we investigated the role of components of the Wnt/MAPK signaling pathway in this process. RNAi inactivation of wrm-1, lit-1 or pop-1 did not affect PDE formation. However, inactivation of these genes partially restored PDE formation in ceh-16 mutants, suggesting that the Wnt/MAPK pathway plays a role in regulating asymmetric division of V5.p.
Wnt/MAPK signaling regulates the asymmetric nuclear localization of POP-1 in daughters of many asymmetric cell divisions along the anterior/posterior axis, with posterior daughter cell nuclei containing lower levels of POP-1 (for a review, see Eisenmann, 2005) . We used a GFP::POP-1 fusion reporter to determine the distribution of POP-1 between V5.p daughters. In wild type animals, GFP::POP-1 is unequally localized in V5.p daughters with higher levels in V5.pa nuclei (Fig. 7A) . However, GFP::POP-1 was almost identically distributed in both daughters of V5.p in 18 out of 27 ceh-16(bp323) mutants analyzed (Figs. 7B-D) . This indicates that ceh-16 is required for asymmetric nuclear distribution of POP-1 in V5.p daughters.
Discussion
Role of ceh-16 and Wnt signaling in specifying self-renewal expansion division of seam cells
Here we have revealed a role of ceh-16 in regulating the symmetric self-renewal expansion division of seam cells V1-V4 and V6 and the asymmetric self-renewal maintenance division of seam cell V5.p. A previous study showed that ceh-16 is involved in specifying seam cell fate, preventing fusion of seam cells with neighboring hypodermal cells and controlling migration of seam cells during embryogenesis (Cassata et al., 2005) . Thus, ceh-16 is a key factor in patterning seam cell development. The effect of ceh-16(bp323) on seam cell division appears to be restricted to the L2 larval stage. The symmetric/ asymmetric division of seam cells at other larval stages, including the asymmetric division of seam cell T in L1 larvae, is not affected in ceh-16 mutants (data not shown). ceh-16 is expressed in seam cells at all larval stages; therefore the stage-specific effect of ceh-16 on cell division could be caused by dependence of CEH-16 on essential cofactors that are functional only at the L2 stage. A variety of cofactors, including Extradenticle, Homothorax and the transcriptional corepressor Groucho, have been shown to be critical for regulation of target gene expression by Engrailed in Drosophila (Tolkunova et al., 1998; Kobayashi et al., 2003) .
Engrailed family members regulate gene expression at both the transcriptional and translational level. Engrailed proteins also have a role in cell-cell communication through their secretion and internalization (Prochiantz and Joliot, 2003; Brunet et al., 2005) . Our results indicate that CEH-16 is likely to function as a transcriptional repressor in determining self-renewal expansion seam cell division. CEH-16 binds to DNA probes containing the consensus binding site for Engrailed. CEH-16(bp323), which contains a mutation in the homeodomain, displays impaired DNA binding activity. Loss of function of the C. elegans Groucho homolog, unc-37, causes a defect in the L2 proliferative seam cell division, similar to that in ceh-16 mutants (Xia et al., 2007) . CEH-16 directly interacts with UNC-37 in in vitro pull-down assays (X.X. Huang and H. Zhang, unpublished data). Thus, in promoting seam cell proliferation, CEH-16 could form a complex with UNC-37 to repress the expression of target genes, whose identities remain to be determined. The cell fusion effector eff-1, whose expression in seam cells is repressed by ceh-16 during embryogenesis (Cassata et al., 2005) , is unlikely to be the target of ceh-16 in mediating the L2 seam cell division pattern.
We also demonstrated that the defective L2 seam cell self-renewal expansion division in ceh-16 mutants can be suppressed by the apr-1 mutation. Loss of function of apr-1 also results in transformation of the self-renewal maintenance division of seam cells to a self-renewal expansion pattern at the L4 larval stage in wild type animals. Although seam cells V1-V4 and V6 undergo symmetric division at the L2 larval stage, POP-1 is still asymmetrically localized between seam cell daughters with lower levels in the posterior daughter (data not shown). This suggests that apr-1 may function in the canonical Wnt signaling pathway to promote self-renewal division, but does not act by regulating the nuclear level of POP-1 through the Wnt/MAPK pathway. This is consistent with the finding that canonical Wnt signaling controls cell expansion in many types of stem cells in mammalian cells (for a review, see Kleber and Sommer, 2004) .
Studies in Drosophila and vertebrates have shown that engrailed interacts with the Wnt signaling pathway in controlling various developmental processes. En directly represses expression of frizzled2 homolog in Drosophila and En1 mediates β-catenin degradation in mammalian cells (Solano et al., 2003; Bachar-Dahan et al., 2006) . Wg signaling is involved in maintaining the expression of En in the Drosophila epidermis and in the mammalian brain (Danielian and McMahon, 1996) . Our genetic analyses indicate that ceh-16 may function upstream of apr-1, or in parallel to the Wnt signaling pathway, in determining self-renewal expansion seam cell division.
Regulating asymmetric division of seam cell V5.p by Wnt/MAPK signaling
The Wnt/MAPK pathway controls the asymmetric division of seam cell T, whose anterior daughter retains the seam cell fate while the posterior daughter generates a neuronal phasmid structure (for a review, see Eisenmann, 2005) . In wrm-1, lit-1 and pop-1 mutants, both T.a and T.p adopt the seam cell fate, while in apr-1(RNAi) animals, two neuronal cells are generated from T (Herman, 2001; Takeshita and Sawa, 2005; Mizumoto and Sawa, 2007a) . To specify seam cell T asymmetry, the Wnt/MAPK pathway controls asymmetric cortical distribution of WRM-1, which in turn regulates asymmetric nuclear localization of POP-1 between T daughters in a reciprocal fashion to WRM-1 (Takeshita and Sawa, 2005; Mizumoto and Sawa, 2007b) .
We present evidence here that the Wnt/MAPK pathway also specifies the asymmetric division of V5.p. As with many anteriorposterior asymmetric divisions, the level of POP-1 is lower in the posterior daughter of V5.p. POP-1 is equally distributed in V5.p daughters in ceh-16 mutants and both daughters of V5.p consistently adopt the seam cell fate. Reduced activity of Wnt/MAPK pathway components, including lit-1, wrm-1, apr-1 and pop-1, suppresses the V5.p division defect in ceh-16 mutants. Loss of function of apr-1 also results in generation of two neuronal daughters from V5.p. This suggests that unlike its role in specifying T cell asymmetry, apr-1 acts positively in the Wnt/MAPK pathway to regulate asymmetric division of V5.p. The difference in apr-1 function could be due to employment of distinct Wnt/MAPK effectors in T and V5.p. Wnt/MAPK signaling may promote the cell fate adopted by the posterior daughter, which is a seam cell fate for V5.pp and a neuronal fate for T.p. During the T cell asymmetric division, Wnt/MAPK signaling and the Hox protein NOB-1 cooperatively regulate PSA-3/Meis, which is asymmetrically localized between T cell daughters and also determines the T.p fate (Arata et al., 2006) . The downstream targets of POP-1, which promote the proper fate of V5.p daughters, remain to be elucidated.
Conservation of engrailed in promoting cell proliferation
Overexpression of En2 promotes cell proliferation, while reduced activity of En2 leads to a dramatic reduction in cell proliferation in mammalian cells (Martin et al., 2005) . We demonstrated a high degree of functional conservation between En2 and ceh-16 in promoting cell proliferation. Human En2 can substitute the function of ceh-16 in promoting seam cell proliferation and overexpression of En2 causes seam cell hyperplasia. Interestingly, En2 is more potent than ceh-16 in inducing seam cell proliferation. More seam cells are produced in animals overexpressing En2 and its role in promoting seam cell division is not restricted to the L2 larval stage. Furthermore, overexpression of En2, but not ceh-16, causes a Multivulva phenotype (Muv) in hermaphrodites. One possible explanation for these observations is that CEH-16 lacks the EH5 motif, which mediates transcriptional repression activity of En2 and Engrailed (Smith and Jaynes, 1996) .
Genetic determinants governing the choice between self-renewal expansion and maintenance division of stem cells remain largely unknown. The homeodomain-containing protein Meis1 appears to be specifically involved in regulating self-renewal expansion of hematopoietic stem cells (HSC), while the PcG gene Bmi-1 is required for selfrenewal maintenance, but is dispensable for specification and expansion, of HSC (for a review, see Lessard et al., 2004) . It will be interesting to investigate whether En2 also specifies the self-renewal expansion division of stem cells. Identification of factors controlling stem cell expansion is of great importance in understanding how the stem cell pool is maintained and also in designing strategies to expand stem cell pools for therapeutic purposes.
